Introduction
============

Treatments for lymphoid malignancies, current chemotherapy and radiotherapy have serious drawbacks, and passive immunotherapy with monoclonal antibodies was limited to CD20^+^ B cell malignancies [@B1]. Furthermore, resistance and relapse are observed also after conventional treatment for many patients with B cell lymphoma [@B2],[@B3]. Therefore, new therapeutic approaches are urgently required. Toll-like receptor (TLR) agonists [@B4], anti-CTLA4 [@B5],[@B6] and anti-CD40 [@B7],[@B8] have been demonstrated efficacy in preclinical and early phase clinical studies.

TLRs are evolutionarily conserved proteins that detect pathogen associated molecular patterns (PAMPs). They are critical for the innate immune response and are key regulators of both innate and adaptive immune responses. TLRs are constitutively expressed on immune cells, such as antigen-presenting dendritic cell (DC), macrophage; effector B, T; and natural killer cell (NK) [@B9]-[@B11]. TLRs signal regulates cytokine production, polarizing of CD4^+^ helper, CD8^+^ effector, regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs) [@B12]-[@B15].

TLR7 can be activated by natural ligands, such as viral guanosine and/or uridine-rich ssRNA, or by synthetic ligands, such as R848 (Resiquimod) [@B16], SM360320 (CL087) [@B17] and R837 (Imiquimod) [@B18]. TLR7 activation induces strong Th-biassed immune responses through the activation of pDC and mDC subsets, and thus elicits durable tumoricidal effect by supporting the activation and expansion of CD8^+^ T cells [@B19]. To date, the combined application targeting TLR7, 8 and 9 established long-term antitumor immunity [@B20]. A phase II clinical study in which a TLR9 agonist (CpG ODN1018 ISS) was used with rituximab for follicular lymphoma [@B21]. Systemic administration of an imidazoquinoline-scaffold TLR7 agonist (R848) combined with cyclophosphamide or radiation can prime a cytotoxic T cell response against lymphoma cells, and prime a memory immune response that may prevent recurrence of lymphoma [@B22]. Enhanced antitumor efficacy was also found when radio- and chemo-responses combined with the TLR9 agonist (CpG ODN1826) [@B23]. Thus, these cases encourage us to surmise that locally administered TLR7 agonist in combination with conventional chemotherapy would induce systemic antitumor immune responses.

In this study, we investigated intratumoral and intraperitoneal administration of the purine-scaffold TLR7 agonist GD5, 9-(4-carboxyphenyl)-8-hydroxy-2-(2-methoxyethoxy)-adenine, called 9e in our previous paper [@B24], in combination with chemotherapeutic agent doxorubicin (DOX) in mice T cell lymphoma graft model. Here we demonstrate that intratumoral administration of GD5 can enhance the therapeutic efficacy of DOX by generation of systemic immune response. This setting induced the release of proinflammatory cytokines, promoted the maturation of DC and activated T and B cells, resulting in eradication of both local and distant tumor in lymphoma-bearing murine model. This study provides evidence for translating principle to early phase clinical trial.

Materials and Methods
=====================

Mice
----

C57BL/6 mice were obtained from Guangdong Medical Laboratory Animal Center, China. Mice were bred at 22 ± 0.5 °C on a 12/12 h light-dark cycle from 7 a.m. to 7 p.m. All procedures and protocols were approved by the Institutional Animal Care and Use Committee.

Tumor Cell Lines
----------------

The EL4 T cell lymphoma cells were obtained from ATCC. Cell lines were grown in DMEM (Gibco) cell culture medium supplemented with 10% FBS and 100 U/ml penicillin/streptomycin at 37 ˚C in a humidified 5% CO~2~ atmosphere.

Tumor Models
------------

Tumor models were established by injecting subcutaneously 1×10^6^ EL4 cells at both sites, left and right sides, on the back of each mouse. Tumor size is reported as tumor volume (mm^3^) by measuring perpendicular diameters of the tumor and calculating as follows: (1/2) × tumor length × tumor width^2^ [@B25]; it is expressed as mean volume ± SEM of tumor volume for all mice of each experimental group.

Tumor Therapy
-------------

One week after the tumor injection, the tumor volume reached approximately 500-1,000 mm^3^, the mice were randomly assigned to the PBS-treated control arm or treated arm as Figure [1](#F1){ref-type="fig"}. DOX and GD5 stock were prepared in PBS at a concentration of 2 μg/μl, respectively. Tumor-bearing mice were treated with DOX, GD5 or both agents. For the monotherapy, GD5 was administered intratumorally or intraperitoneally at a dose of 2.5 mg/kg per mouse and repeated every day in the week. Or DOX, 3.5 mg/kg per model mouse, was applied on days 1, 4 and 7 of each course of treatment. For the combination therapy, mice received 3.5 mg/kg on days 1, 4 and 7, and simultaneously received GD5, intratumorally or intraperitoneally at a dose of 2.5 mg/kg every day in the week. Mice received equivalent PBS every day in the week as control. Tumor growth was measured daily, and long-term survival was evaluated.

Flow Cytometry and ELISA
------------------------

One week after the tumor injection, the tumor-bearing mice were treated intraperitoneally with 2.5 mg/kg GD5 or 3.5 mg/kg DOX. After 2 and 4 h, the spleens were collected, and the splenocytes were prepared according to the manufacturer\'s instructions (BioLegend). Approximately 1 × 10^6^ cells were stained with surface antibodies and analyzed by FACSCalibur flow cytometry (BD Biosciences). The antibodies including anti-CD11c-Alexa488, -CD86-PerCP/Cy5.5, -CD80-Alexa647, -CD3-Alexa488, -CD19-Alexa647 and -CD69-PerCP/Cy5.5 were purchased from BioLegend.

Sera samples were collected at 2, 4 or 24 h from the same administrated mice and stored at -20°C. ELISA was performed using a Ready-SET-Go!^®^ ELISA kit (eBioscience).

Cytotoxicity Assay
------------------

After different therapies as described in Figure [1](#F1){ref-type="fig"}, long-term survival mice were sacrificed, and splenic lymphocytes were collected from each mouse using lymphocyte separation medium (Dakewe, Shenzhen, China), and were incubated with EL4 mouse T cell lymphoma cells at an effector: target cell ratio of 10:1. The cytotoxicity experiment was performed using the CytoTox 96^®^ Non-Radioactive Cytotoxicity Assay Kit according to the manufacturer\'s instructions.

Statistical Analysis
--------------------

Statistical analysis and graph were performed using Prism software version 4.0c (GraphPad, San Diego, CA). Data (mean ± SE) were analyzed by one-way ANOVA and a value of p \< 0.05 was considered statistically significant.

Results
=======

GD5 Treatment Results in Immune Cell Activation and Cytokine Expression
-----------------------------------------------------------------------

We have previously shown that GD5 directly activated TLR7 signal pathway [@B24]. Here, we prepared splenocytes from GD5-treated-mice (2.5 mg/kg) to investigate the immune activation effect of GD5 by flow cytometry. We found that GD5 significantly induced the expression of CD69, an early activation marker, in both CD19^+^ B cells and CD3^+^ T cells (Fig. [2](#F2){ref-type="fig"}A). The results also revealed that GD5 stimulated CD11c^+^ DCs to express the maturation and activation marker CD80 along with CD86, another earlier marker of the immune response (Fig. [2](#F2){ref-type="fig"}B). To the systemic induction of cytokines, 2 h later, the concentration of TNF-α increased to 440 pg/ml, IFN-γ to 151 pg/ml, IL-6 to 6,020 pg/ml and IL-12 to 580 pg/ml in the serum, in contrast, all of which were almost undetectable in the serum of control mice. Four hours later, the concentration of TNF-α was almost undetectable, and IL-6 decreased by 17.71-fold, Th1 cytokines IFN-γ increased to 1.87-fold and IL-12 to 1.62-fold (Fig. [2](#F2){ref-type="fig"}C).

Combination Therapy Improves Survival Time
------------------------------------------

Eight-week-old mice were implanted with EL4 cells, and the therapy began when the tumor grew to 500-1,000 mm^3^ (day 1, D1). Tumor-bearing mice were randomly assigned to six treatment groups as shown in Figure [1](#F1){ref-type="fig"}. One course of treatment later, drug effectiveness and long-term survival were observed. Ten weeks later, the mice treated with GD5 have more survival than control or DOX treated groups (p\<0.01, log-rank test). Combination of DOX with local administration of GD5 significantly improved survival compared with the two GD5 alone treatment groups (p\<0.01, log-rank test). In the two combination groups, for GD5 administration, intratumoral group showed a notable increase in survival compared with intraperitoneal group (Fig. [3](#F3){ref-type="fig"}).

Combination Therapy Initiates Systemic Antitumor Effect
-------------------------------------------------------

Implanted EL4 cells on the both side of mice back to prepare both-side-tumor-bearing mice model. Right-side-tumors were treated with drugs, whereas left-side-tumors were kept untreated to evaluate the systemic effect. For the right-side-tumor, the all drug treatments showed a significant antitumor effect compared with PBS controls. Either Co i.t. or Co i.p. group exhibited improved tumoricidal effectiveness compared with single-drug treatment groups after which the tumors began to regrow on D10. No significant difference was observed between the Co i.t. and Co i.p. groups (Fig. [4](#F4){ref-type="fig"}A).

For the left-side tumor, all drug treatments showed a significant antitumor effect compared with controls, while the tumors volume in the DOX group grew significantly larger than in the other 4 groups, especially after D8. Compared with the Co i.p., Co i.t. treatment significantly suppressed the tumors volume, the tumors were undetectable to the naked eye on D14, but in contrast the tumors began to regrow after D8 in the Co i.p. group (Fig. [4](#F4){ref-type="fig"}B).

Long-term Surviving Mice Have Robust Anti-tumor Immunity
--------------------------------------------------------

Long-term survival observation later, the surviving mice were sacrificed, and lymphocytes were collected as effector cells, subsequently effector cells were co-cultured with EL4 mouse T cell lymphoma cells at an effector: target cells ratio of 10:1, lymphocytes collected from untreated mice used as control. Co-culture 24 h later, the medium was collected and centrifuged to remove the insoluble components. The cytokine in supernatant was subsequently assayed by ELISA. The results indicated that the lymphocytes collected from Co i.t. group generated a higher level of IFN-γ, which was approximately 10-fold compared with control and 2- to 3-fold compare with that from the GD5 i.t., GD5 i.p. or Co i.p. groups (Fig. [5](#F5){ref-type="fig"}A). For IL-6 production, it was not observed in Ctrl, GD i.p. and Co i.p. groups, but was observed in GD i.t. and Co i.t. groups with a 3-fold increase in Co i.t. group (Fig. [5](#F5){ref-type="fig"}B). For the cytotoxicity, EL4 tumor cells were significantly more sensitive to the effector cells from the drugs administration groups than Ctrl group; but no significant difference among GD5 i.t., GD5 i.p. and Co i.p. groups were observed. Only Co i.t. group and supra three groups have significant difference (Fig. [5](#F5){ref-type="fig"}C).

Discussion
==========

Immunotherapy in combination with conventional drugs showed great promise for lymphoma. For B cell lymphoma, Pam~3~CSK~4~, a TLR1/2 agonist was applied with Ara-C, a conventional chemotherapeutic agent, resulting in a synergistic anticancer effect by up-regulated immunomodulatory molecules [@B26]. In murine lymphoma model, the cyclophosphamide or DOX therapy in combination with TNF-α enhanced the antitumor effects against large established tumors [@B27],[@B28]. The standard therapies, DOX, cyclophosphamide, vincristine and prednisone (CHOP) were also used in combination with bryostatin 1 for human diffuse large cell lymphoma, or with a monoclonal antibody, rituximab (R-CHOP), for CD20^+^ B cell lymphoma [@B29],[@B30].

Targeting the TLRs is a rationale for producing more efficient immune response. To date, few remarkable investigations have been managed with regard to employing TLRs in lymphoid malignancies. Combinational regimens including both TLR9 agonist CpG ODNs, such as 1018 ISS [@B21] and 1826 [@B23], and TLR7 agonist imidazoquinolines, such as R848 [@B22], accompanying with radiotherapies, and conventional chemotherapeutic designs such as denileukindiftitox (ONTAK) [@B31], rituximab and alemtuzumab seem to surpass single treatments alone. Here, we attempt to establish improved dosage regimen for lymphoma using purine-scaffold TLR7 agonist combined with chemotherapeutic drugs in murine model. In this model, a therapeutic regimen using DOX in combination with TLR7 agonist GD5 significantly improved survival compared with DOX or GD5 administration alone.

GD5 directly activated TLR7 signal pathway, inducing Th1 immune responses, activating B/T cells and DCs as early as 2 h after administration. Moreover, the lymphocytes collecting from long-term survival mice treated by GD5 generated a higher level of IFN-γ and cytotoxicity than control. The tumors appear to regrow 10 days after i.t. and i.p. treatment with GD5, and deaths occur 25 days after treatment, but the tumors develop slowly in long-term survival mice, and the 70% mice survive after 70 days. Moreover, significant difference was observed between Co i.t. group and Co i.p. group in survival time. Thus, no matter alone and combination with DOX, GD5 is responsible for EL4 shrinkage.

TLR7 was widely expressed in lymphoma, such as diffuse large B cell lymphoma (DBCL), peripheral T cell lymphoma (PTCL), follicular lymphoma (FL) and chronic lymphocytic leukaemia (CLL) [@B32]-[@B34]. Previous study found that TLR7/8 agonist R848 may lead to terminal differentiation and suppressed cell proliferation in AML [@B35], but another TLR7 agonist, imiquimod had no direct effect on acute myeloid leukaemia (AML) cells.

The dosage regimen of TLR agonists must be considered for the anticancer immunotherapy because they could induce quick and systemic proinflammatory cytokine expression [@B36]. In our dosage regimen, low dose of DOX and every 2 d injection that was approximately 50% less than previous therapy [@B30]. Previous study reported that local administration of imiquimod or systemic administration of R848 with anti-CD40 immunotherapy or radiotherapy exhibited a strong antitumor effect in a murine model [@B22],[@B37]. Our results suggested that local administration with DOX and GD5 exhibited the best therapeutic performance by generating a strong local and systemic immune response in the murine among our experimental group setting. Although the underlying mechanisms of the synergy of purine-scaffold TLR7 agonist with doxorubicin on systemic inhibition of EL4 are unclear, from what is known at present, we speculate some factors that including (1) the accumulation of ATP-driven and purinergic receptor-dependent CD11c^+^CD11b^+^Ly6C^hi^ tumor-infiltrating leukocytes (TILs) after DOX administration, which efficiently present tumor antigens to CD8+ T cells [@B38], (2) the activation and maturation of immune cell (B, T cells and DCs), and the expression of cytokine (IFN-γ, TNF-α, IL-12 and IL-6) after GD5 treatment, (3) the enhancement of antigen presentation locally, after GD5 intratumorally administration, where the tumor-specific antigens were concentrated by DOX-induced tumor cell death. Furthermore, CD11b^+^Ly6G^+^ cells respond to TLR3 agonist and exhibit tumoricidal activity to EL4 that occurred independently of CD8α^+^/CD103^+^ DCs and CTLs [@B39]. Therefore, induction of CD11b^+^Ly6G^+^ cell-mediated cytolysis by TLR3 agonist in combination with CD8^+^ T cell-based therapy may be beneficial for EL4 shrinkage.

Conclusions
===========

In summary, our results demonstrated that combination therapy with TLR7 agonist GD5 and conventional drugs, like DOX can enhance the antitumor effectiveness, such as generating strong cytokines and enhancing immune response, leading to local and systemic immune response to eradicate both local and distant tumors. Our research suggested that purine-scaffold TLR7 agonist can improve the effectiveness of the current standard CHOP therapy, and develop as a promising dosage regimen for T cell lymphoma.
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![**The schematic diagram indicated the course schedule.** Injected tumor cells subcutaneously at left and right side on the back of each mouse, 7 days later, pharmacotherapy was assigned as schematic diagram. For the monotherapy, GD5 was administered intratumorally or intraperitoneally at a dose of 2.5 mg/kg per mouse and repeated every day in the week, marked as GD5 i.t., ◆, and GD5 i.p., ◇. Or DOX, 3.5 mg/kg per model mouse, was applied on days 1, 4 and 7 of each course of treatment, marked as DOX i.t., ■. For the combination therapy, mice received 3.5 mg/kg on days 1, 4 and 7, and simultaneously received GD5, intratumorally or intraperitoneally at a dose of 2.5 mg/kg every day in the week, marked as Co i.t., or Co i.p.. Mice received equivalent PBS every day in the week as control. Tumor growth was measured daily, and long-term survival was evaluated.](jcav08p3183g001){#F1}

![**Systemic activation of the immune system after administration of GD5.** Tumor-bearing mice were treated intraperitoneally with 2.5 mg/kg GD5. After 2 and 4 h, splenocytes were harvested and stained with cell surface marker. The expression of CD3^+^CD69^+^ and CD19^+^CD69^+^ cells (A), CD11c^+^CD86^+^ and CD11c^+^CD80^+^ cells (B) were analyzed by flow cytometry. \*p \< 0.05, \*\*p \< 0.01, one-way ANOVA. Induction of systemic cytokines (C) were measured in the plasma. The serums were collected after 2, 4 and 24 h post GD5 treatment and analyzed by ELISA assay (5 mice/group).](jcav08p3183g002){#F2}

![**Survival curve for tumor-bearing mice dosed as graphical representation.** Tumor-bearing mice were treated as described in Figure [1](#F1){ref-type="fig"}. Tumor-bearing mice were randomly assigned to 6 groups, PBS, GD5 i.t., GD5 i.p., DOX i.t., Co i.t., or Co i.p treatment group. Each treatment group contained 10 mice and are representative of at least 2 independent experiments. \^\^p \< 0.01, compared with ctrl or DOX group; \*\*p \< 0.01, compared with GD5 i.t. or i.p. groups; ^\#^p \< 0.05, compared with Co i.p., log-rank test.](jcav08p3183g003){#F3}

![**Therapeutic efficacy of combination therapies.** Tumor-bearing mice were treated as described in Figure [1](#F1){ref-type="fig"}. Tumor-bearing mice were randomly assigned to 6 groups, PBS, GD5 i.t., GD5 i.p., DOX i.t., Co i.t., or Co i.p treatment group. After 2 weeks, the volume of the directly treated right tumors (A) and the untreated left tumors (B) were measured. Experimental groups contained at least 5 mice and are representative of at least 2 independent experiments. \*p \< 0.007, one-way ANOVA, NS, non-significant.](jcav08p3183g004){#F4}

![**Surviving mice were provided with a robust anti-tumor immune ability.** Tumor-bearing mice were treated as described in Figure [1](#F1){ref-type="fig"}. Tumor-bearing mice were randomly assigned to 5 groups, PBS, GD5 i.t., GD5 i.p., Co i.t., or Co i.p treatment group. Lymphocytes were harvested from the spleen of long-term surviving mice, and were co-cultured with EL4 cells at an effector: target ratio of 10:1. The cytokine induction of IFN-γ (A) or IL-6 (B) and cytotoxicity (C) were tested. \*p \< 0.01, n ≥ 7, one-way ANOVA, NS, non-significant.](jcav08p3183g005){#F5}
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